Compositionally graded (Ba 1−x Sr x )TiO 3 (BST) thin films (with 0.0 ഛ x ഛ 0.25) were grown by pulsed laser deposition on the (100) MgO , from the x-ray diffraction (rocking curve, scans) and electron-diffraction patterns. Dielectric data showed that the room temperature values of the dielectric constant and dielectric loss of the graded BST films were 630 and 0.017 at 100 kHz, respectively. Cross-sectional transmission electron microscopy (TEM) images reveal that both the BST films and the LSCO bottom electrode grow with a columnar structure, and they have flat interfaces and overall uniform thickness across the entire specimen. Cross-sectional high-resolution TEM images reveal that at the LSCO/MgO(100) interface, an interfacial reaction is not seen, whereas edge-type interfacial dislocations with their extra half-planes residing in the LSCO side are observed with an average interval of 2.20 nm, close to the theoretical value of 2.15 nm. At/near the LSCO/BST interface, the graded BST films grow perfectly and coherently on the LSCO lattice because they have the same type of crystal structure and almost same lattice constants, and no interfacial dislocations are observed. Planar TEM images show that the graded films exhibit granular and/or polyhedral morphologies with an average grain size of 50 nm, and the aligned rectangular-shaped voids were also observed. High-resolution TEM images show that the length sizes of voids vary from 8 to 15 nm, and with width of 5 to 10 nm along the 〈001〉 direction in the (100) plane.
I. INTRODUCTION
Ba 1−x Sr x TiO 3 (BST) thin films have received much attention in the microelectronic industry because of their promising applications in high-density dynamic random access memories [1] [2] [3] and microwave devices. [4] [5] [6] They exhibit not only high dielectric constant, but also good dielectric tunability, [7] [8] [9] [10] which offers a unique opportunity to develop various microwave devices such as waveguide phase shifters, 4 decoupling capacitors, 5 and tunable filters. 6 For optimum performance of these microwave devices, the grown BST thin films should have large dielectric tunability ([⌬⑀ r /⑀ r ], ⑀ r is dielectric constant), low microwave losses (or high quality factor Q), and low temperature dependence of the dielectric constants in the operational frequency range of the device and in the corresponding temperature range. 11, 12 In recent years much progress has been made in the deposition of high-quality BST films and increasing the performance of microwave devices based on BST thin films [13] [14] [15] [16] [17] ; however, the application of BST thin films in microwave devices is still hampered by their high microwave losses and the large temperature dependence of the dielectric constants. Furthermore, there is still concern about the reliability of microwave devices over the operating frequency and temperature ranges. To match the aforementioned requirements, a simple but effective method is to prepare compositionally graded BST films by depositing successive layers with different Ba/Sr ratios, where both high dielectric tunability and relatively small temperature dependence of the dielectric constant are obtained simultaneously. For example, a dielectric tunability of 65% at 444 kV/cm and temperatureinsensitive dielectric property are obtained from a multilayered BST heterostructures with three different Ba/Sr ratios, which were deposited on Pt-coated Si substrates by metallorganic solution deposition. 18 For microwave tuning applications such as resonators and phase shifters that use ferroelectric films, coplanar varactor configurations are highly preferred from a design standpoint because they can be easily designed to have capacitance values that provide good impedance matching to the rest of the circuit. They are also advantageous since the epitaxial films such as BST deposited directly on singlecrystal dielectric substrates (e.g., MgO, LaAlO 3 , NdGaO 3 ), have a higher quality than the ferroelectric films deposited on metal-coated substrates. 19 However, the dielectric response and tunability of epitaxial films are closely related to the epitaxial stress within the heteroepitaxial films caused mainly by the mismatches between lattice parameters and thermal expansion coefficients of the film and substrate. 20, 21 The stress effects on the microwave dielectric properties of BST films have been experimentally investigated. 14, [22] [23] [24] [25] To optimize the microwave dielectric tunability of epitaxial BST films, Ban and Alpay 26 conducted theoretical analyses of the dielectric response as a function of the applied external electric field and the microwave dielectric tunability as a function of the misfit strain. Their results show that a high dielectric tunability can be achieved by adjusting the misfit strain especially in the vicinity of a structural phase transformation. To achieve optimum tunability, most logical approaches to manipulating the strain state in the epitaxial films are either variations of substrate materials or film thickness or variations of the deposition conditions such as oxygen ambient pressure. The misfit strain relaxation in (Ba 0.60 Sr 0.40 )TiO 3 epitaxial thin films deposited on 〈110〉 orthorhombic NdGaO 3 substrates was investigated by xray diffraction (XRD), and the results show that two independent dislocations mechanisms operate to relieve the anisotropic misfit strains along the principal directions. The critical thicknesses for misfit dislocation formation along the [001] and [010] directions were found to be 11 and 15 nm, respectively. 27 Recently, epitaxial BST films with compositionally graded structure grown by pulsed laser deposition have been reported, and their dielectric properties and microwave performance of tunable devices based on such graded BST thin films have been characterized. [28] [29] [30] [31] [32] [33] [34] The results show that the microwave dielectric properties of the graded BST films depended strongly on the crystalline structure and the direction of the composition gradient built in the graded BST films. However, the microstructure and interfacial structures of the graded BST films have not yet been examined in detail. This work characterizes the epitaxial growth, dielectric response, and microstructure of compositionally graded BST films grown by pulsed laser deposition (PLD) on (100)MgO single crystal substrates covered with a conductive La 0.5 Sr 0.5 CoO 3 (LSCO) bottom electrode. The epitaxial growth relationships between the BST, LSCO, and MgO single-crystal substrates are examined by XRD and selected-area electron diffraction (SAED). The dielectric properties of the graded BST films were measured by vertical structures using LSCO as the bottom electrode. Microstructure of the epitaxial graded BST films were investigated by (high-resolution) transmission electron microscopy (TEM) from both plan-view and crosssectional specimens.
II. EXPERIMENTAL PROCEDURE
Compositionally graded (Ba 1−x Sr x )TiO 3 films (with 0.0 ഛ x ഛ 0.25) were epitaxially grown by PLD on MgO(100) single-crystal substrates covered with a conductive La 0.5 Sr 0.5 CoO 3 bottom electrode. Details of the deposition procedure are reported elsewhere. 28 However, a brief description is given here. The graded BST films were grown at 650°C in an oxygen ambient pressure of 200 mTorr by PLD. Before deposition of the graded BST films, a LSCO bottom electrode was first deposited by PLD onto the (100)MgO substrate at 600°C with an oxygen pressure of 150 mTorr. The graded films were in situ deposited epitaxially on the top surface of the LSCO layer. The first deposited layer for the graded BST film had the composition of Ba 0.75 Sr 0.25 TiO 3 , and the last layer had BaTiO 3 . The compositional gradients were determined by Rutherford backscattering spectroscopy (RBS; not shown here, see Ref. 28) . The epitaxial growth of the compositionally graded BST films was characterized by XRD patterns, rocking curves, and scans (XRD; Philips X'Pert MRD four-circle diffractometer, Cu K ␣ radiation at 30 kV) (Almelo, The Netherlands) and electron-diffraction patterns. Dielectric response of the graded BST films was measured in the frequency range of 10 2 to10 6 Hz by a Hewlett-Packard (Melrose, MA) 4194A impedence analyzer with an alternating current (ac) oscillation level of 100 mV.
The microstructures of the graded BST films were examined by high-resolution TEM (HRTEM). Both cross-sectional and plan-view specimens were examined in this work. Plan-view samples were prepared by cutting disks with a diameter of 3 mm from the graded film using an ultrasonic cutter. Then these disks were ground, dimpled, and finally thinned to perforation by Gatan dual ion-milling (model 600) from the substrate side (Gatan Inc., Pleasanton, CA). Cross-sectional specimens were prepared by cutting the sample into slices along the (001) MgO plane. Two slices were glued together face-toface joining the film-covered surface. After the glue cured, disks with a diameter of 3 mm were obtained by cutting away the redundant epoxy. These disks were then ground, dimpled, and polished, followed by Ar-ion milling in a Gatan precision ion polishing system (PIPS; model 691) at 4 keV with an incident angle of 6°(Gatan Inc., Pleasanton, CA). Electron-diffraction patterns and TEM images were recorded in a Philips (Almelo, The Netherlands) CM20T electron microscope operated at 200 kV, and HRTEM investigations were performed in a JEOL (Tokyo, Japan) JEM-4000EX high-resolution electron microscope operated at 400 kV. The fast Fourier transform (FFT) pattern and the corresponding Fourierfiltered HRTEM images are obtained by using Gatan software Digital Micrography.
III. RESULT AND DISCUSSSION

A. Epitaxial growth and microstructure
Throughout this article, the crystallographic indexing is based on the following nominal unit-cell parameters: 35 To investigate the epitaxial growth behavior of the compositionally graded BST films, x-ray diffraction, rocking curve, and scans measurements were carried out.
Figures 1(a) and 1(b) show the -2 diffraction patterns for the graded films along the normal of MgO(100) (specular) and MgO(110) (off-specular) diffraction planes, respectively. It is clearly observed in Fig. 1(a) that the prominent (100) and (200) BST reflections together with (200) peak of MgO substrate were recorded, and weak peaks of (100) and (200) LSCO reflections are also visible. This indicates that the graded BST film is highly (100)-oriented with its surface plane parallel to that of the MgO(100) substrate. Similarly, the (110) plane of the graded BST film is also parallel to that of the MgO substrate, as shown in Fig. 1(b) . (FWHM) of the BST (200) rocking curve, which reflects the in-plane crystalline mosaic in the film, was only about 0.8°. That indicates a small degree of mosaicity present in the graded BST film, which is also confirmed by SAED (see below). As shown in Fig. 1(b) , the presence of BST (110) Fig.  1(d) , respectively. These reflections clearly demonstrate a good epitaxial growth of the graded BST film and the LSCO bottom electrode on the (100)MgO substrate. Both the graded BST film and the LSCO bottom electrode exhibit a fourfold symmetry, indicating a cube-on-cube epitaxial growth.
To better understand the epitaxial growth behavior of the graded film, TEM investigations were also performed on the cross-sectional TEM specimen. A bright-field TEM image of the graded film, viewed from the [001] MgO direction is shown in Fig. 2(a) , and Fig. 2(b) is the related SAED pattern taken from the graded BST film and the interface between the LSCO bottom electrode and the substrate MgO, respectively. It is observed in Fig. 2(a) that the graded film and the LSCO bottom electrode layer grow with a columnar-like structure along the [100] MgO direction, and the interfaces between the BST film, the LSCO bottom electrode, and the substrate are flat and very visible. The graded BST films have an overall uniform thickness across the entire specimen, but the surface roughness of the graded film is on the order of 10 nm. Some mosaic columnar texture observed in the graded BST film [see Fig. 2(a) ] was caused by the rotations of grain boundaries over the entire cross-sectional sample. This is confirmed by selected-area diffraction pattern as shown in Fig. 2(b) , which contains the crystallographic information for the graded film, the LSCO bottom electrode, and the MgO substrate. As clearly seen in Fig. 2(b) , this diffraction pattern is a simple superposition of the graded BST film, the LSCO bottom electrode, and the MgO substrate. From the SAED pattern the reflection spots of the film, LSCO bottom electrode, and the substrate can be identified and particularly indexed using the notation of the perovskite pseudocubic basic cells. The differences in the lattice parameters in the (001) plane for BST, LSCO, and MgO can be clearly seen from the occurrence of the triple-split of {400} reflection spots along the horizontal and vertical directions, as indicated by boxes in Fig. 2(b) . The enlarged ones are shown as insets in Fig. 2(b) . Based on this SAED pattern, the epitaxial growth relationship between BST, LSCO, and the substrate MgO can be described as (100) BST //(100) LSCO //(100) MgO Cross-sectional high-resolution TEM images of the interfacial regions between the MgO, LSCO, and BST film viewed from the [001] MgO direction, are shown in Fig. 3 . Since the lattice constant for MgO is 0.421 nm, the halflattice constant of LSCO is 0.3834 nm; so the nominal lattice mismatch ␦ calculated by (a s − a f )/a f , is 9.8%, as expected at the interface, and two MgO units cells tend to be matched by a single LSCO unit. Consequently, interfacial misfit dislocations are created to release the interface strain. Misfit dislocations with an average spacing about 2.20 nm are indicated in Fig. 3(a) . To clearly reveal the interfacial misfit dislocations, a Fourier-filtered image of the small square area marked in Fig. 3(a) , is shown in Fig. 3(b) , in which three misfit dislocations are clearly observed. The different interplanar numbers of the MgO and the LSCO film marked in Fig. 3 Fig. 3(a) gives an average spacing about 2.20 nm for misfit dislocations, in agreement with the theoretical value. Based on the Mathews-Blakeslee criteria, 37, 38 the critical thickness of LSCO film for the formation of misfit dislocation on MgO substrate is calculated to be approximately 0.43 nm. This low value of the critical thickness suggests that the misfit dislocations appear at the early nucleation and growth stage of the LSCO film.
It is naturally expected that the density of interfacial dislocations will be greatly reduced if the lattice mismatch is negligible. The nominal lattice constants for (BST, x ‫ס‬ 0.23) in the (001) plane is a ‫ס‬ b ‫ס‬ 0.3977 nm, half of the lattice constant of LSCO being 0.3834 nm; therefore the nominal lattice mismatch in (001) plane for BST grown on LSCO substrate is 3.6% in the [100] and [010] directions, respectively. Actually, the lattice constants for the BST film and LSCO bottom electrode near the BST/LSCO interfacial region measured from the HRTEM image of the BST/LSCO interface [ Fig. 3(c) ], are 0.40 and 0.78 nm, respectively. Thus, a lattice mismatch of 2.5% appeared at the interface of BST/LSCO. Correspondingly, the interval between two adjacent dislocations is calculated to be 16 nm. A HRTEM image of the BST/LSCO interface is shown in Fig. 3(c) , where the dashed line indicates the interface position. A Fourier-filtered image of the small square area marked in Fig. 3(c) , is shown in Fig. 3(d) , which clearly demonstrates the interfacial position. As revealed in Figs. 3(c) and 3(d) , the strain field associated with the interface is rather weak so that the atom positions near the interface can be clearly resolved, and no interfacial dislocations are observed at/near the interface. It was clearly shown that the BST film grew perfectly and coherently on the LSCO (bottom electrode) lattice because they have the same type of crystal structure and almost same lattice constants. The microstructure of the graded BST films was also examined from plan-view TEM specimen, which permits Fig. 4(a) , the graded films exhibit granular and/or polyhedral morphologies with an average grain size of 50 nm. The SAED pattern was taken from the BST [120] direction. The sharp diffraction spots indicate that the graded BST films have a good single-crystal quality. Furthermore, some aligned rectangular-shaped voids are also observed in the graded film. Their length varies from 8 to 15 nm with a width of 5 to 10 nm, and the orientation relationship with the surrounding BST grain is revealed by a HRTEM image, as shown in Fig. 4(b) . Figure 4 (c) is a Fourier-filtered image of the square area marked in Fig. 4(c) with a white line, which clearly demonstrates the orientation relationship between the void and its surrounding BST grain.
B. Dielectric response
Dielectric response of the graded BST films was measured by vertical structures using a LSCO as the bottom electrode. Variation of the dielectric constant and dielectric loss (tan ␦) of the graded BST films as a function of the frequency is shown in Fig. 5 . The dielectric constant and dielectric loss of the graded BST films were found to be 630 and 0.017 at 100 kHz, and 600 and ∼0.022 at 1 MHz, respectively. These values are comparable to that of epitaxial BaTiO 3 thin films deposited on MgO substrate (dielectric constant ∼500, dielectric loss of 0.05 at 100 kHz) 6 and to that of epitaxial Ba 0.6 Sr 0.4 TiO 3 thin films deposited on MgO substrate with a very thin interlayer (10 nm thickness) of Ba 0.9 Sr 0.1 TiO 3 (dielectric constant of 512, dielectric loss of ∼0.02 at 1 MHz). 10 The low value of the dielectric loss in the present epitaxial graded BST film could be ascribed to the absence of high-angle grain boundaries within the graded film and no interfacial dislocations at the interface between the graded BST film and the LSCO bottom electrode. It can be seen that the dielectric constant and dielectric loss show no noticeable dispersion with the frequency, indicating the high quality of the graded film and the absence of interfacial barriers, which were confirmed by the perfect coherent growth of the BST film on LSCO bottom electrode. A tendency of a slow decrease in the dielectric constant with increasing the frequency is also observed in the present graded film, which suggests that at higher frequency the contribution from a possible direct current conduction contribution decreases.
IV. CONCLUSIONS
Compositionally graded BST films with 0.0 ഛ x 0.25 were grown by PLD on the (100)MgO single-crystal substrates covered with a conductive La 0.5 Sr 0.5 CoO 3 layer as a bottom electrode, and their epitaxial growth dielectric response, and microstructure were also examined. The epitaxial growth relationship between the BST, LSCO, and the substrate MgO can be described as (100) BST //(100) LSCO //(100) MgO MgO based on the XRD and SAED patterns. The dielectric constant and dielectric loss of the graded BST films were found to be 630 and 0.017 at 100 kHz. The low value of the dielectric loss observed in the present epitaxial graded BST film could be ascribed to the absence of both high-angle grain boundaries within the graded film and interfacial dislocations at the interface between the graded BST film and LSCO bottom electrode. The dielectric constant and dielectric loss show no noticeable dispersion with increasing the frequency, indicating a high quality of the graded film and the absence of interfacial barriers. Cross-sectional TEM images reveal that both the BST films and the LSCO bottom electrode grow with a columnar structure, and they have flat interfaces and overall uniform thickness across the entire specimen. High-resolution crosssectional TEM images of the LSCO/MgO interface demonstrate the nonreactive, coherent growth of the LSCO film on the MgO substrate, and the interfacial dislocations are observed with an interval of 2.20 nm, close to the theoretical value of 2.15 nm, whereas at the BST/ LSCO interface a perfect coherent growth of the BST film on the LSCO lattice was observed without any interfacial dislocation because they have the same type of crystal structure and almost the same lattice constants. Planar TEM images reveal that the graded films exhibit granular and/or polyhedral morphologies with an average grain size of 50 nm, and the aligned rectangular-shaped voids are present in the graded films. High-resolution planar TEM images show that the length sizes of voids vary from 8 to 15 nm, and with width of 5 to10 nm along the 〈001〉 direction in the (100) plane.
